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Wavelength accuracy and stability are key requirements for differential absorption lidar (DIAL). We pre-
sent a control and timing design for the dual-stabilized cw master lasers in a pulsed master-oscillator
power-amplifier configuration, which forms a robust low-cost water-vapor DIAL transmitter system. This
design operates at 823 nm for water-vapor spectroscopy using Fabry–Perot-type laser diodes. However,
the techniques described could be applied to other laser technologies at other wavelengths. The system
can be extended with additional off-line or side-line wavelengths. The on-linemaster laser is locked to the
center of a water absorption line, while the beat frequency between the on-line and the off-line is locked to
16 GHz using only a bandpass microwave filter and low-frequency electronics. Optical frequency stabi-
lities of the order of 1 MHz are achieved. © 2010 Optical Society of America
OCIS codes: 140.3425, 280.1910.
1. Introduction
Differential absorption lidar (DIAL) is a spectro-
scopic technique for measuring the distribution of
specific trace gas species in the atmosphere. Water
vapor is a key trace gas since a knowledge of the at-
mospheric water-vapor concentration is vital for
modeling meteorological phenomena and climate.
It is now well known that water vapor plays a crucial
role in both radiative and convective energy transfer
through the atmosphere [1,2]. From the viewpoint of
gaining sufficient data for weather and climate mod-
eling, the main difficulty with water measurements
in the atmosphere is the extreme and rapid variabil-
ity of water concentrations compared to other gases
[3]. Radiosondes are still the primary means of mea-
suring atmospheric water vapor even though the
recurrent costs are high, which limits the spatial
and temporal extent of the data obtained. Despite
major advances, satellite- and ground-based mea-
surements based on spectral radiometry [4] and oc-
cultation [5] techniques still offer limited vertical
resolutions.
Differential absorption lidar has good accuracy
and vertical resolution, and has the potential for de-
velopment as a low-cost lidar, which would alleviate
the problems of horizontal and temporal resolution.
Here we describe a laser transmitter system for
DIAL, in the context of water vapor, but which is ap-
plicable to the detection of many other species. In
DIAL, laser pulses at two wavelengths, tuned so that
they encounter different absorption cross sections for
the species being detected, are transmitted to the at-
mosphere. The relative intensities of backscattered
light at the two wavelengths depend on the concen-
tration of the absorbing species. Typically, the on-line
laser is tuned to the center of a resonance, while the
off-line wavelength is tuned away from a resonance
where the absorption cross section is small. If the ab-
sorption cross sections are known, the concentration
between these two ranges can be deduced after mak-
ing certain assumptions about extinction and scat-
tering [6]. Lidar detection of trace gases using
Raman scattered light is an alternative method of
profiling gas species in the atmosphere. However,
DIAL can achieve a similar accuracy and detection
limit with a power-aperture product that is more
than an order of magnitude smaller than Raman
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[7]. This means that DIAL is more suitable for day-
time applications, for power-critical space-based
applications, and for cost-sensitive applications with
lower power transmitters and smaller receivers. On
the other hand, Raman lidar does offer the possibility
of simultaneous temperature measurement [8], and
the spectral purity and wavelength precision re-
quirements on the laser are much less stringent than
is the case for DIAL.
A number of DIAL systems have been developed for
the profiling of water vapor [3,9–14]. Most of these
systems rely on just one master laser, which is
switched between the two wavelengths. However, it
is difficult to switch the laser wavelength accurately
between two wavelengths on a timescale of the order
of 1 ms. The alternative with a single laser is to run
the laser for several thousand pulses at one wave-
length and then switch to the other wavelength,
although this can lead to increased uncertainty if
the concentration of the species being measured is
changing rapidly. A different approach is to use two
lasers that are tuned to the relevant wavelengths
[14–17]. This greatly simplifies the problem of main-
taining the lasers at the required wavelengths.
The problem of maintaining one laser at the ab-
sorption wavelength of the species of interest can be
solved by either stabilizing the laser directly to the
absorption line using a reference cell [14,15,18], or
by using a wavemeter [10,17]. Next, the second laser
wavelength needs to be maintained at a fixed wave-
length or frequency difference from the first. In
frequency terms, this difference should be at least
10 GHz for tropospheric water vapor measurements.
Again, some have opted to achieve this using a wave-
meter [10,17]. However, it is also straightforward to
combine the two lasers and stabilize their beat fre-
quency. In applications using extremely stable la-
sers, the beat frequency can be phase locked to a
microwave reference oscillator, often an atomic clock
[19] or a radio frequency oscillator [20]. In our appli-
cation, extreme stability and phase coherence are not
required. Methods of stabilizing the beat frequency to
the reference oscillator have been reported. These
have utilized a waveguide Mach–Zehnder interfe-
rometer so that a fixed frequency difference between
the reference and the beat is achieved by locking to
an interferometer fringe [21], or a microwave oscilla-
tor and a mixer, to downshift the beat frequency, and
then using a low-pass electronic filter and power
detector to generate a signal to stabilize the down-
shifted beat signal to zero frequency [18].
Our system uses two cw semiconductor master la-
sers, each continuously stabilized at their respective
on-line and off-line wavelengths. Because this work
is aimed at low-cost lidar, we have opted to stabilize
the on-line wavelength to a water absorption cell,
rather than use a wavemeter, and we use a novel
method of stabilizing the beat frequency between
the two lasers that does not require a microwave os-
cillator or a mixer, giving a significant reduction in
cost. Because the lasers are operated in cw mode,
acousto-optic switching is used to produce the laser
pulses.
Semiconductor laser technology is also suited for
the optical amplifier in a low-cost low-power system.
The disadvantages of relatively low output power can
be partly offset by having quite large pulse repetition
rates of up to ∼10 kHz. When the absorption line is
too strong, a laser tuned to the side of the line can be
employed [15]. This side-line wavelength can be sta-
bilized at a precise offset from the center of the line
with a straightforward extension of the techniques
described in this paper. A simple calculation assum-
ing a Lorentzian absorption line with width 1 GHz
(HWHM) shows that the fractional change in absorp-
tion cross section is about 0.1% if the laser fluctuates
by 3 MHz when tuned to the steepest part of the line.
In both [15] and this work, a stability of better than
3 MHz is achieved.
2. DIAL Transmitter
Our DIAL master laser system uses two cw 40 mW
Hitachi HL8325G laser diodes, operating near
823 nm. Pulses for amplification and transmission
to the atmosphere are formed by acousto-optic mod-
ulators (AOMs). The remaining light (that is comple-
mentary to the pulsed beams) is used for wavelength
stabilization of the master lasers. One laser is servo-
locked to the wavelength of the peak of a water ab-
sorption line. The second is maintained at a fixed
wavelength offset from the first by combining the
two laser beams and stabilizing the frequency of
the beat signal to the peak transmission of a micro-
wave (RF) bandpass filter.
Figure 1 provides a simplified diagram of the entire
lidar transmitter system. After passing through the
AOM, each undeflected beam is coupled into a sin-
gle-mode optical fiber. The pulsed beam that is Bragg
scattered by the acoustic wave is directed to a beam
splitter used as a combiner and then to the optical am-
plifier. Using the Bragg scattered wave, rather than
the zeroth-order “straight-through” beam, as the ba-
sis for the pulse transmitted to the atmosphere en-
sures that the pulse from the master returns to
zero. An added benefit of using the Bragg scattered
beam in this way is that the AOM then contributes
to the isolation of the master lasers from backreflec-
tions from the optical amplifier. The acoustic wave in
eachAOM is repetitively pulsed on for 1 μswith a per-
iod of 667 μs. The pulse length, which determines the
transmitted pulse energy, is chosen as a trade-off be-
tween signal-to-noise and range resolution in the li-
dar return. This pulse width and period correspond
to a range resolution of 150 m and a maximum range
of 100 km. The effective maximum vertical range is
very much less than this because of the relatively
low transmitted pulse energy (∼500 nJ). Indeed the
data acquisition system only records for 50 μs after
the pulse is transmitted, corresponding to a maxi-
mum range of about 7 km. Vertical resolution could
be improved by reducing the pulse width, but this
would reduce pulse energy and signal-to-noise ratio,
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as well as compromising themaximum vertical range
because of background light. The pulse repetition rate
could be considerably higher without introducing
range ambiguities, but in our case is limited by the
data acquisition system.
To achieve reasonably reproducible tuning charac-
teristics and longitudinal mode stability, light from
each laser diode passes through two Faraday isola-
tors, together providing 60 dB of optical isolation.
Each laser operates in a single longitudinal mode
and provides a mode-hop-free tuning range of more
than 200 GHz. They operate in several discrete re-
gions over awavelength band from820 to834 nm.De-
vice selection is necessary to have two lasers that tune
to the samewavelength range.Of 15devices,we found
three that would tune continuously, and repeatably,
over a range from 822.6 to 823:4 nm. The ability to
tune over this range has remained unchanged over
three years, and only requires that the diode tempera-
ture and current are stabilizednearparticular values.
The tuning of these diodes is subject to hysteresis
whenmode hops occur. Because of this, it is necessary
that the desired temperature and current be ap-
proached in a certain direction. In establishing these
properties, an optical spectrum analyzer proves use-
ful. The optical amplifier is a Sachertechnik TA830
tapered amplifier with injection current pulsed syn-
chronously with the arrival of themaster laser pulses
of alternatingwavelength. Its ratedmaximumoutput
power is 500 mW.
A. On-Line Master Laser Control System
The zeroth-order on-line laser beam after the AOM is
coupled into a single-mode optical fiber, and then to a
50∶50 fiber coupler, which serves as both a splitter
and a combiner. An important function of the fiber
is to isolate the alignment of the beams around the
AOMs and isolators from alignment at the absorption
cell. One output port of the coupler directs the light to
amultipass absorption cell with a 30 mpath length, a
ratiometric detector, and a feedback system to control
laser current and wavelength. Our multipass cell is a
homemade variant of a Herriot cell, where the light is
coupled into the space between themirrors via a small
periscope. After 66 traversals of the space between
themirrors, the beam encounters the periscope again
and is coupled out of the cell.
A dither modulation at 1:5 kHz is introduced via
the on-line laser current control so that the laser has
a peak-to-peak frequency modulation of 500 MHz.
Phase-sensitive detection of the resulting amplitude
modulation at the output of the vapor cell, when the
laser is tuned through awater resonance, provides an
error signal in order to keep the laser locked to the
water resonance peak. However, there are unwanted
sources of amplitude modulation with changing laser
wavelength. First, the dither of laser injection current
also modulates the laser power. Second, themultiple-
beam interference fringes due to reflections within
the fiber splitter have a greater contrast than many
water absorption lines. By comparing the optical
Fig. 1. Differential absorption lidar laser stabilization system showing optical paths (solid lines) and electronic signals (dashed lines).
AOM, acousto-optic modulator; SOA, semiconductor optical amplifier; ISO, Faraday optical isolator; DAQ, data acquisition; PD, photo-
diode; LPF, low-pass filter; BPF, bandpass filter; TP, test point. The blocks labeled TEST indicate the points at which step voltages are used
to test the response of the servo loops, as discussed in the text. The gray circles represent fiber coupling lenses.
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power entering the vapor cell with the power trans-
mitted through it, the ratiometric detector eliminates
both of these sources of error. In the output of the
ratiometric detector, these variations are reduced to
below the level of the electronic noise.
Two other less significant sources of wavelength
error have not been dealt with. First, there is some
multiple-beam interference due to the water-vapor
cell itself, because there is a small amount of overlap
of the laser spots on the mirrors. Some light at the
mirrors is scattered into paths that effectively short-
cut one or more of the passes in the cell, and this is
manifested as fringes at the output of the ratiometric
detector, with a free spectral range corresponding to
the mirror separation. In our case, these fringes are
more than an order of magnitude weaker than the
absorption line at 822:9 nm that we use, and cause
negligible offset error in the stabilization to the cen-
ter of the water line. For weaker lines, however, this
could be a major concern. Second, the pulses trans-
mitted to the sky are shifted in frequency from the
absorption line center by the 80 MHz acoustic fre-
quency of the AOM. In the lower troposphere, where
the water absorption lines are at least 2 GHz wide
(HWHM), this introduces a negligible systematic
error for our application (<0:3% difference between
the peak and actual absorption cross sections).
To minimize the cost and component count of the
system, we use a single fiber coupler. Thismeans that
the off-line laser also passes through the absorption
cell. However, because its wavelength is not modu-
lated, it does not affect the on-line control system.
Although a 16 GHz beat signal between the on-line
and off-line lasers is also present at the water-vapor
cell, the low-speed photodiodes at the absorption cell
do not respond to modulation at this frequency.
B. Off-Line Master Laser Control System
The off-line master laser is isolated, passed through
an AOM, and coupled into the fiber coupler in the
same way as the on-line laser. The second output
from the fiber coupler goes to a photodiode (New
Focus Model 1481-S) which has a frequency response
from DC to 25 GHz. This diode detects the beat fre-
quency between the two lasers. We have chosen a
fixed frequency offset between the on- and off-line la-
sers of 16 GHz. Since the on-line master laser al-
ready includes a dither, the beat signal around
16 GHz also has a frequency modulation amplitude
of 500 MHz at 1:5 kHz. The bandpass filter, with a
center frequency of 16 GHz and a −3 dB bandwidth
of 500 MHz, converts this frequency modulation to
an amplitude modulation whose phase depends on
which side of the filter’s transfer function the beat
is tuned to. The microwave power is detected by a
tunnel diode detector (Herotek DT2018), which has
a bandwidth much greater than 1:5 kHz, so that
phase sensitive amplification of the dither compo-
nent of the microwave power can be used to generate
an error signal. This is integrated and fed back to the
off-line laser injection current controller. Thus, the
off-line control system locks the frequency difference
of the lasers to the zero crossing of the derivative of
the bandpass filter’s transfer function, in a similar
way to the stabilization used for the on-line laser.
There are two lock points for the off-line laser, one
on each side of the absorption line. These are easily
distinguishable when setting up the system. Note
that there are only two such points, in contrast to
[18], where there are four, because we dispense with
a microwave oscillator.
Obtaining a different frequency offset (from
16 GHz) between the lasers is simply a matter of
picking a bandpass filter with passband centered at
the desired offset frequency. The bandwidth should
be reasonably narrow, and the filter transfer function
should not have ripple or a wide flat region in the
passband. Of course, the photodiode that detects
the beat signal needs to have a sufficiently large
bandwidth—this will be the limiting factor in prac-
tice. Photodiodes with bandwidth of up to 100 GHz
are obtainable. The price of microwave components
tends to increase with increasing frequency, and
we have chosen the value 16 GHz as a compromise
between cost and the need to make sure that the
off-line laser is tuned sufficiently far into the wings
of the water absorption line.
3. System Timing
For water vapor in the lower troposphere, the line-
width of the molecular resonance at 822:9 nm is
dominated by pressure broadening and ranges from
about 5 GHz at sea level to about 2 GHz at the high-
est altitude at which we expect to be able to measure
water-vapor concentrations with a transmitted pulse
energy of 500 nJ (about 4 km). The smaller of these
linewidth values imposes a constraint on the line-
width of the on-line master laser, which should be
less than 100 MHz [22]. However, the amplitude of
the frequency dither applied to the on-line master
laser is 500 MHz. To get around this difficulty, we
synchronize the extraction of the optical pulses by
the AOMs with the zero crossings of the dither signal
(Fig. 2). This ensures that the laser frequency within
the pulses is consistent from pulse to pulse. Provided
the pulse is short compared to the dither period, the
frequency chirp within the pulse can be neglected. In
our system, the pulse length is 1 μs and the dither
period is 1333 μs, resulting in an optical frequency
chirp of less than 1 MHz.
The output pulse can be set to any phase of the
dither signal, but there is an advantage to keeping
it close to the zero crossing. When the optical path
is switched out of the cw beam by the AOM to form
the output pulse, a transient will appear on the
output of the ratiometric detector, which, although
short in duration, will disturb the feedback control
loop at the integrator. If this transient is timed to co-
incide with the zero crossing of the dither signal, the
transient will not be propagated through the control
system. In other words, the transient impulse due to
optical switching will be attenuated by the lock-in
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(which is an analogue multiplier), if it coincides with
an instantaneous zero reference.
4. Wavelength Stability Measurements
Here we present the wavelength stability, which is
one of the critical characteristics for any DIAL sys-
tem, as well as show the transient behavior of the
system. Some DIAL measurements are also pre-
sented to demonstrate the reliability of the stabiliza-
tion system.
To measure the residual optical frequency fluctua-
tions, our procedure is as follows. First we apply a
step perturbation to the on-line laser while measur-
ing the change in the beat frequency, with the feed-
back loops open. This enables us to relate the magni-
tude of the error signals observed at TP1 and TP2
(see Fig. 1) to the size of the frequency excursion.
Next, the feedback loops are closed and the noise
at TP1 and TP2, as shown in Fig. 3, is measured.
In this figure, the conversion relating voltage to fre-
quency has been applied so that the vertical scale
represents the frequency excursion. From the mea-
surement at TP2, we obtain a relative frequency
variability (RMS) between the lasers of 1:2 MHz,
and from that at TP1, an RMS value of 0:7 MHz
for the fluctuation in the frequency of the on-line
laser.
Here we measure noise that has frequency compo-
nents that are mostly greater than the reciprocal of
the feedback loop time constants (both ∼1 s). Fre-
quency fluctuations on a time scale significantly
shorter than 1 s are uncorrected by the feedback.
Thus, the noise at TP2 is the sum of uncorrelated
contributions from both the on-line and off-line
lasers. There are also contributions from the electro-
nics. These time constants were gauged from the
Fig. 2. System timing coordinates the optical switching (AOM), electronic switching, dither, and data acquisition. The adjustable delays
(Td) compensate for the response times of the electronic and optical components, such as the finite time for acoustic signals to propagate
through the AOMs (∼400 ns) to effect the optical switching. In addition, the delays ensure that the data acquisition system is triggered
∼5 μs before the laser pulses are transmitted, to enable background signal levels to be measured. The pulse lengths are controlled by
monostable multivibrators (HC4538), that are not shown explicitly.
Fig. 3. Laser wavelength variability measured from the error sig-
nals at TP1 and TP2, with the feedback loops closed. TP1 shows
the fluctuations in the on-line laser frequency, and TP2 shows
those for the difference frequency. The signals shown are the vol-
tages measured at the respective test points, scaled as described in
the text so that the vertical axis is in frequency units. The vertical
separation between the traces is an arbitrary DC shift introduced
for clarity.
Fig. 4. Response of the control loops to small-signal step pertur-
bation at the on-line laser. The response of the on-line control sys-
tem acts to cancel the effect of the perturbation as the area under
the error-signal curve is equal to the step amplitude. The instan-
taneous shift in the beat frequency also produces an error signal in
the off-line control signal.
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transient behavior of the error signals when a step
perturbation was applied to the on-line laser, while
both feedback loops were closed. A step voltage in-
jected directly into the on-line laser diode injection
current controller, at one of the points labeled TEST
in Fig. 1, produced an ∼50 MHz instantaneous fre-
quency shift in the on-line master laser and the beat
note simultaneously. The response of both control
systems acts to cancel the frequency shift. The re-
sponses at the test points TP1 and TP2 to a pertur-
bation at the on-line laser are illustrated in Fig. 4.
The relaxation times for the signals are both ∼1 s,
and these are the loop time constants.
The off-line control system responds to the beat
frequency shift, even though there is no perturbation
to the off-line wavelength; however, the output from
the off-line integrator returns to its original value. It
is interesting to note in Fig. 4 that, even though the
optical and RF beat frequency perturbation are in
the same direction, the instantaneous responses of
the two control systems are in opposite directions.
This is because the integration constants of the
two control loops are of the opposite sign because
the water absorption behaves like a band-stop filter,
while the 16 GHz filter is a bandpass filter.
The effect of multiple-beam interference in the op-
tical path between the on-line laser and the photode-
tector after the multipass absorption cell is to
superpose small interference fringes on the water ab-
sorption profile. Such interference is rather tempera-
ture sensitive. This can give rise to an offset in the
locking point for the on-line laser, which, in turn, con-
tributes to the fluctuations of the beat frequency be-
tween the two lasers, on a time scale of several
seconds. We observe these fluctuations when the
off-line laser is unlocked and the on-line laser is
locked; when both loops are locked, they are present
but not directly visible. Such fluctuations are of a si-
milar order of magnitude to the RMS fluctuations
shown in Fig. 3, i.e., about 1 MHz. Thus, this source
of error is reduced to an acceptable level, also.
An important point is that these results were ob-
tained at a sampling rate of 100 samples=s, capturing
only the low-frequency perturbations up to 50 Hz.
Faster frequency fluctuations were also present but
at a much lower level, evidenced by measurements
of the 16 GHz beat spectrum. A full measurement
of the laser spectra is required to characterize the ra-
pid fluctuations that contribute to the spectral wings.
This knowledge is critical in DIAL because, if the
spectral wings of the on-line laser extend well into
and beyond the wings of the absorption spectrum,
the effective absorption cross section is reduced from
that which would we obtain for a perfectly monochro-
matic laser tuned to line center. Such a reduction
leads to a systematic error in the retrieved water con-
centration. This can be the case even if the width at
half-maximum of the laser spectrum is much less
than that of the absorption spectrum, as the former
may have significantly more power in the far wings
than Lorentzian-or Gaussian-shaped spectra. This
is especially true of diode lasers, and others that have
very broad gain bandwidths.
To illustrate the problem, we show in Table 1 mea-
surements of the maximum fractional absorption in
the multipass cell as the on-line master laser (with
and without amplification) is tuned through the line
at 822:92 nm. The calculated absorption is that
which would be expected based on a measurement
of the humidity by a capacitive sensor that was cali-
brated against the saturated vapor pressure over a
saturated salt solution (magnesium nitrate) [23,24].
The relative humidity (RH) was 54% and the tem-
perature was 296 K. The absorption cross section
is deduced from the HITRAN database [25]. The ab-
Fig. 5. (Color online) (a) Measurements of water vapor mixing ratio (in grams per kilogram) using the DIAL, and (b) the raw backscatter
signal for the off-line wavelength, showing the height to which aerosol scattering is seen. In (a), the arrows on the left-hand scale indicate
the approximate boundaries of height range for which there is a signal-to-noise ratio greater than 1. In (b), the arrow on the scale indicates
the height of maximum signal, which is the point at which the transmitted beam fully intersects the field of view of the receiving telescope.
Table 1. Maximum Fractional Absorption for Water at 822:92 nm
with Relative Humidity 54%
Calculated from RH Measured
Amplified 0.1279 0.1224
Master only 0.1282 0.1301
10 June 2010 / Vol. 49, No. 17 / APPLIED OPTICS 3279
sorption cross section of the master laser is slightly
larger than expected, but this is within the measure-
ment uncertainty. The absorption cross section of the
amplified light is about 5% less than expected, and
this reduction is attributable to the amplified spon-
taneous emission from the optical amplifier, and the
resulting lack of spectral purity. The two values for
expected absorption are different because the tem-
perature and humidity changed slightly between
the measurements. Such a measurement can be
made straightforwardly each time the lidar is oper-
ated, in order to establish the effective on-line ab-
sorption cross section.
As a demonstration that this master laser system
works reliably, we include DIAL measurements in
Fig. 5. These data were obtained with the lidar point-
ing at the zenith from the Adelaide central business
district, over two hours on the evening of 22 March
2010. The time shown is local time. Figure 5(a) shows
the water-vapor mixing ratio in grams per kilogram
and Fig. 5(b) shows the base-ten logarithm of raw re-
turn signal for the off-line wavelength. The data were
oversampled in time at 50 ns intervals by the data ac-
quisition system, and averaging over 500 ns has been
applied, corresponding to 75 m intervals on the verti-
cal scale. (The transmitted pulse width is 1 μs, so that
the true range resolution is 150 m.) The data are also
averaged over 5 min intervals, in which there were
approximately 1:5 × 105 transmitted pulses at each
wavelength. In Fig. 5(a), the signal to noise falls to
1, above about 700 m. Figure 5(b) partly explains this
rather lowmaximum range; the return from the aero-
sols has fallen to the background signal level by about
1 km. The on-line signal falls somewhat faster, due to
absorption, and when this signal has fallen to the
background, meaningful measurement of mixing ra-
tio is no longer possible. This shallow depth of the
aerosol scatterers is typical for this location. The ver-
tical band of low signal in Fig. 5(b), at about 2210 h,
was caused by the alignment between master and
slave drifting. This was readjusted without affecting
the lock of the master laser system. There is a corre-
sponding “hole” of noisy data in Fig. 5(a) at about the
same time. The receiving telescope had a diameter of
40 cm, and the on-line wavelength was 822:92 nm.
5. Conclusion
We describe a low-cost master laser system for DIAL
using a separate master laser for each wavelength. A
synchronous dither and timing system locks the
wavelength of the transmitted pulse to the desired
wavelength. The wavelength stability shows a RMS
variability of less than 1 MHz over 10 min. The sys-
tem design lends itself to other types of laser diodes
and optical amplifiers, and also to multiple off-line
wavelengths.
This work was funded by the Australian Research
Council and the Australian Bureau of Meteorology.
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